Chronic psychosocial stress negatively affects ovarian function. Ovarian follicular development is regulated by both pituitary-derived gonadotropins and intraovarian regulatory factors. To date, the suppressive effects of chronic stress on the ovary have been observed to be manifested mainly as an inhibition of gonadotropin release. It is not clear whether there are any other intraovarian regulatory mechanisms involved in this process. Growth and differentiation factor 9 (GDF9) is an important, oocyte-specific paracrine regulator required for follicular development. In this study, the chronic unpredictable mild stress model was used to produce psychosocial stress in mice. The number of different developmental stages of follicles was counted on ovarian sections stained with hematoxylin and eosin. Real-time PCR and Western blotting were used to detect the mRNA and protein levels, respectively, of GDF9. The results show that chronic unpredictable stress inhibits follicular development, increases follicular atresia, and suppresses GDF9 expression. Exogenous gonadotropin treatment partly restores the repressed antral follicular development, but has no effect on the repressed secondary follicular development associated with chronic stress. Treatment with recombinant GDF9 restores secondary follicular development. Cotreatments with GDF9 and gonadotropins restore both secondary and antral follicular development in stressed mice. These findings demonstrate that inhibition of follicular development induced by chronic unpredictable stress is associated with GDF9 and gonadotropin. chronic unpredictable stress, follicular development, growth and differentiation factor 9 (GDF9), psychosocial stress
INTRODUCTION
Humans are often exposed to psychosocial stress. It is generally accepted that chronic stress negatively affects female reproductive and ovarian performance [1] [2] [3] [4] [5] , leading to follicular maldevelopment, anovulation, and luteal dysfunction [6] [7] [8] [9] . Despite extensive research, how chronic stress impacts the ovary has not been clearly understood. During chronic stress, the hypothalamic-pituitary-adrenal (HPA) axis is activated, accompanied by high amounts of corticotropinreleasing hormone (CRH) and glucocorticoids released.
To date, the suppressive effects of chronic stress on ovarian function have been observed to be manifested mainly as inhibition of gonadotropin (FSH and LH) release through the effects of hypercortisolemia on the hypothalamus and/or anterior pituitary gland [10] [11] [12] .
Follicles are the basic functional units of the ovary. A previous study has shown that chronic stress decreases the number of secondary follicles aside from antral follicles [7] . It is known that follicular development is regulated by both gonadotropin from the pituitary gland and local regulators in the ovary [13, 14] . Early follicular development, including secondary follicular development, is regulated by intraovarian local regulators in a non-gonadotropin-dependent manner, and late follicular development is regulated by both gonadotropin and intraovarian regulators. Thus, we hypothesize that there may be other intraovarian regulatory mechanisms linking stress and ovarian compromise, while reduced gonadotropin from the pituitary gland may be the proximate or main cause. However, little is known about the effects of chronic stress on the intraovarian regulators.
The intraovarian regulators are essential for the communication between the oocyte and companion somatic cells in folliculogenesis and follicular development [13, 14] . Growth and differentiation factor 9 (GDF9) is a member of the transforming growth factor superfamily, and is specifically secreted by the mammalian oocyte [14] . It plays a critical role as a paracrine factor, in collaboration with gonadotropin, during ovarian follicular development through to ovulation [15, 16] . Recently, GDF9 has been proved to be involved in human reproductive diseases, such as premature ovarian failure (POF) [17] . Interestingly, POF might be related to chronic psychological stress [18] . We propose that GDF9 is affected by chronic stress, and is associated with stress-induced follicular maldevelopment. Here, to validate the hypothesis, we used a chronic unpredictable mild model to produce psychosocial stress in mice [19] [20] [21] [22] . We observed GDF9 expression and follicular development. We further treated these mice with exogenous gonadotropin and recombinant GDF9 in order to reveal the role of gonadotropin and GDF9 in the stress responses.
MATERIALS AND METHODS
No humans or nonhuman primates were used in this research. All animal work was conducted according to relevant national and international guidelines. Animal housing, care, and application of experimental procedures were in accordance with all relevant local guidelines and legislation to minimize pain and suffering of the animals. All chemicals and reagents were purchased from Sigma Chemical Co. (St. Louis, MO), unless otherwise specified.
Animals
Swiss female mice (4 wk old) were randomly assigned to 10 groups: unhandled control group; stressed group; vehicle-treated control group; GDF9-treated group; equine chronic gonadotropin (eCG)-treated group; eCG and GDF9-cotreated group; vehicle-treated stressed group; GDF9-treated stressed group; eCG-treated stressed group; and eCG and GDF9-cotreated stressed group. Mice were housed six per cage and acclimatized to the animal colony for 1 wk before the start of the experimental procedures. The stress group received a 30-day stress procedure. All mice received standard rodent diet and tap water ad libitum under a 12L:12D cycle (lights on 0730-1930 h), and a constant temperature of 21-228C and humidity of 55 6 5%.
Mouse Stress Model
Tolerance can develop when rodents are repeatedly exposed to some predictable stressors. However, this does not occur when rodents are exposed to unpredictable stress. A classic stressed model was developed by chronic unpredictable mild stress [19] [20] [21] [22] . The study was conducted in compliance with the Ethics Committees on Animal Research of Anhui Provincial Hospital affiliated to Anhui Medical University. Stressors were administered once daily between 0830 and 1030, except the 24-h duration stressors. Stressors consisted of: (1) 24-h social isolation (one mouse per cage); (2) 24-h social crowding (20 mice per cage, 325 3 210 3 185 mm) plus cage tilt (cages were tilted to 308C from the horizontal); (3) 1-h warm swim at 318C; (4) 4-min cold swim at 8-108C, after which they were toweled dry; (5) 5-min hot stress in oven at 428C; (6) 24-h food deprivation; (7) 24-h water deprivation with empty drinking bottles; (8) 24-h wet cages; (9) 1-h shaker stress (160 rpm); and (10) 24-h lightdark shift. The different stressors were distributed randomly at an interval of 10 days. All stressors were administered three times within 30 days.
Treatments and Tissue Preparation
The dose of GDF9 was calculated according to the report that 100 ng/ml recombinant mouse GDF9 can effectively induce proliferation of granulosa cells in vitro [23] . From the 21st day, the mice in the GDF9-treated stressed group and the eCG and GDF9-cotreated stressed group were treated daily by intraperitoneal injection with 1 lg recombinant GDF9 (R&D Systems, Inc.) for 10 days. The mice in other groups were injected with vehicle (0.9% NaCl) for 10 days, except the unhandled control and stressed groups.
On the 30th day, after the last stressor had been administered, the mice in the eCG-treated, eCG-treated stressed, and eCG and GDF9-cotreated stressed groups received 5 IU eCG intraperitoneally, and were then killed 48 h after injection. The mice in other groups were injected with vehicle (0.9% NaCl), except the unhandled control and stressed groups.
The mice were killed in the 32nd day by cervical dislocation and their ovaries were rapidly dissected. The ovaries for follicular morphology observation were fixed in 4% paraformaldehyde at 48C for 24 h, then dehydrated and embedded in paraffin. The ovaries for analyses of protein level were dipped in liquid nitrogen and stored at À808C. The ovaries for analyses of mRNA level were dipped in liquid nitrogen and stored at À808C.
Open Field Test
Open field activity (i.e., the initial activity of an animal placed in novel surroundings) has long been taken as an indicator of its emotional and psychological state [24] . Protocols for the open field test were previously approved by the Behavior Laboratory, Anhui Institute of Senile Diseases [25] . The open field test was performed 12 h after ceasing the chronic stress procedure between the second and fifth hours of the dark phase. The apparatus consisted of a rectangular area of 81 3 81 cm surrounded by a 28-cm-high wall. Gdf9, the sense primer was 5 0 -AGTCACCTCTACAATACCGTCCG-3 0 , and the antisense primer was 5 0 -CCGATTTGAGCAAGTGTTCCA-3 0 , to yield a 148-bp product. The endogenously expressed mouse Vasa, a germ cell lineagespecific marker, was used as internal control [26] . Synthetic sense primer 5 0 -TGCTACTCCAGGGAGGCTGA-3 0 and the antisense primer 5 0 -AAAAGGGTTTGGCGTTGTTC-3 0 were used to detect the Vasa mRNA, which yielded a cDNA product of 177 bp. Real-time PCR amplification was performed using SYBR premix extaqTM II kit (Takara, Japan). After 10 sec at 958C, amplification was carried out on a cycle of 958C for 5 sec and 608C for 31 sec. Sixty cycles of amplification were performed. The values were normalized using Vasa as the internal standard. The relative amount of mRNA was analysis using the 2 ÀDDCT method [27] .
Ovarian GDF9 Protein Determination by Western Blotting
The ovaries were homogenized in ice-cold homogenization buffer (HB) containing 50 mM 3-(N-morpholino) propanesulfonic acid (pH 7.4), 100 mM KCl, 320 mM sucrose, 0.5 mM MgCl 2 , 0.2 mM dithiothreitol, 20 mM bglycerophosphate, 20 mM sodium pyrophosphate, 50 mM NaF, 1 mM each of EDTA and EGTA, and protease inhibitor cocktail (catalog no. 11873580001; Roche, Mannheim, Germany). After the protein concentration was measured by the method of Lowry with bovine serum as standard [28] , each sample was diluted to equal protein concentrations with HB. After adding 43 SDS-PAGE sample buffer to the sample, the sample was boiled in 1008C water for 10 min. Protein (50 lg) was loaded onto each lane, separated by 15% SDS-PAGE, and transferred onto a polyvinylidene difluoride membrane (Amersham Biosciences, U.K.). The membrane was blocked with 5% skim milk for 2 h, and then probed with goat anti-mouse GDF9 antibody (1:500 dilution, sc-7407; Santa Cruz Biotechnology) or rabbit polyclonal VASA antibody (1:400, sc-67185; Santa Cruz Biotechnology) at 48C overnight. Detection was performed using horseradish peroxidase (HRP)-conjugated rabbit anti-goat IgG (1:2000 dilution, P0160; Dako) or HRP-conjugated goat anti-rabbit IgG (1:2000 dilution, P0048; Dako), and visualized by an ECL method using ECL Western Blotting Substrate (Promega). The bands on the X-ray film were scanned, and GDF9 bands were normalized relative to VASA.
Follicular Morphology
The ovaries imbedded in paraffin were cut into 4-lm sections and stained with hematoxylin and eosin. Follicles were counted when the nucleus of the oocyte was visualized. The numbers of primordial, primary, secondary, antral, and atretic follicles were counted in every 10th section, and the total multiplied by ten to give the estimated number of follicles in the whole ovary. The follicles were classified according to the modified Oktay system [29] : primordial follicle ¼ an oocyte that was encapsulated by flattened pregranulosa cells; primary follicle ¼ when at least one of the pregranulosa cells has become columnar or cubic, until they form a single layer of cubic granulosa cells; secondary follicle ¼ when the oocyte is encapsulated by two or more layers of granulosa cells without antrum formation; and antral follicle ¼ when the oocyte is encapsulated by more than two layers of granulosa cells and an antrum has formed. Atretic follicles were defined as those follicles with more than 5% of cells with pyknotic nuclei in the largest cross-section, showing oocyte shrinkage and occasional germinal vesicle breakdown. Also included in this group were follicles showing deformation (shrinkage or collapsing) or lacking the oocyte preantral (mainly secondary).
Statistical Analyses
The results are expressed as mean 6 SEM. The data were analyzed by twoway ANOVA (stress 3 treatments), followed by Tukey honestly significantly different test as post hoc analysis for further examination of group differences. P values , 0.05 were considered significant. All analyses were conducted by statistical software, SPSS 17.0 for Windows (SPSS Inc.).
RESULTS

The Mouse Stress Model Is Validated by Open Field Test
The data on the wall time (Fig. 1a) , the number of horizontal locomotions (Fig. 1b), and rearing (Fig. 1c) 
Ovarian GDF9 Expression Is Decreased after Chronic Unpredictable Stress
The relative mRNA level of Gdf9 in ovary is shown in Figure 2a . The relative protein level of GDF9 in ovary is shown in Figure 2b . Figure 2c shows a representative Western blot of ovarian GDF9. Two-way ANOVA (stress 3 eCG treatment) revealed a significant main effect of stress on the mRNA level (F 1, 28 ¼ 139.902; P , 0.001) and protein level (F 1, 28 ¼ 118.692; P , 0.001) of GDF9. The analysis revealed no significant main effect of eCG treatment on the mRNA level (F 1, 28 ¼ 3.923; P ¼ 0.058) or protein level (F 1, 28 ¼ 0.311; P ¼ 0.582) of GDF9. Further analysis showed that both the mRNA and protein levels of GDF9 in stressed mice and eCGtreated stressed mice significantly decreased as compared with vehicle-treated control mice (P , 0.001 for all).
Chronic Unpredictable Stress Inhibits Follicular Development, and Gonadotropin Does Not Completely Restore Follicular Development, while Cotreatment with GDF9 and Gonadotropin Completely Restores Follicular Development in Stressed Mice
After 30 days of chronic unpredictable mild stress and treatments, morphology of the ovaries was observed. Figure 3 shows the appearance of follicles from the eCG and stress þ eCG group. Figure 3 shows that there were more welldeveloped secondary and antral follicles in normal mice than in stressed mice. There were many more atretic follicles in stressed mice (Fig. 3e) . The cumulus cell expanded well in some antral follicles under eCG stimulation for 48 h in eCGtreated normal mice (Fig. 3c) , while they hardly expanded in eCG-treated stressed mice (Fig. 3f) . However, the analysis revealed significant main effects of stress on normal secondary follicles (F 1, 56 ¼ 15.637; P , 0.001), normal antral follicles (F 1, 56 ¼ 67.276; P , 0.001), atretic secondary follicles (F 1, 56 ¼ 57.870; P , 0.001), and atretic antral follicles (F 1, 42 ¼ 20.921; P , 0.001). Two-way ANOVA (stress 3 treatment) also showed significant main effect of treatment on normal secondary follicles (F 3, 56 ¼ 7.701; P , 0.001), normal antral follicles (F 3, 56 ¼ 8.892; P , 0.001), atretic secondary follicles (F 3, 56 ¼ 16.785; P , 0.001), and atretic antral follicles (F 3, 56 ¼ 7.765; P , 0.001). The analysis showed no significant main effect of treatments on primordial follicles (F 3, 56 ¼ 0.130; P ¼ 0.942) or primary follicles (F 3, 56 ¼ 0.040; P ¼ 0.989). There was a significant interaction between stress and treatment with respect to normal secondary follicles (F 3, 56 ¼ 4.064; P ¼ 0.011), normal antral follicles (F 3, 56 ¼ 5.823; P ¼ 0.002), atretic secondary follicles (F 3, 56 ¼ 23.624; P , 0.001), and atretic antral follicles (F 3, 56 ¼ 7.765; P ¼ 0.017).
Further analysis revealed that the number of both normal secondary follicles (P ¼ 0.003) and normal antral follicles (P , 0.001) decreased significantly, and the number of both atretic secondary follicles (P , 0.001) and atretic antral follicles (P ¼ 0.027) increased significantly in vehicle-treated stressed mice as compared with vehicle-treated control mice. Compared with vehicle-treated stressed mice, there was a significant increase in the number of normal antral follicles (P ¼ 0.042) and a significant decrease in the number of atretic antral follicles (P ¼ 0.046) in stressed mice after treatment with eCG. There was a significant increase in the number of normal secondary follicles (P ¼ 0.007), and a significant decrease in the number of atretic secondary follicles (P , 0.001), while there was no significant difference in the number of normal antral follicles (P ¼ 0.792) or atretic antral follicles (P ¼ 0.973) after treatment with GDF9 in stressed mice as compared to vehicle-treated stressed mice. However, the analysis revealed that, after cotreatment with 
STRESS-INDUCED FOLLICULAR INHIBITION AND GDF9
GDF9 and eCG in stressed mice, there was a significant increase in the number of normal secondary follicles (P ¼ 0.001) and normal antral follicles (P , 0.001), as well as a significant decrease in the numbers of both atretic secondary follicles (P , 0.001) and atretic antral follicles (P ¼ 0.009) when compared with vehicle-treated stressed mice.
Compared with vehicle-treated control mice, there was still a significant decrease in the number of normal antral follicles WU ET AL.
(P , 0.001) and a significant increase in the number of atretic antral follicles (P ¼ 0.001) in stressed mice after treatment with GDF9, although there was no significant difference in the number of normal secondary follicles (P ¼ 1.000). There was still a significant decrease in the number of normal secondary follicles (P ¼ 0.007) and normal antral follicles (P ¼ 0.027), as well as a significant increase in the numbers of atretic secondary follicles (P , 0.001) in eCG-treated stressed mice as compared with vehicle-treated control mice. In other words, follicular development did not recover to control levels after 
treatment with eCG or GDF9. However, the number of both normal secondary and normal antral follicles in stressed mice recovered to the vehicle control levels after cotreatment with GDF9 and eCG (P . 0.05).
DISCUSSION
The major finding of this study is that chronic unpredictable stress inhibits follicular development, causes follicular atresia, and suppresses GDF9 expression in mice. Exogenous gonadotropin treatment partly restores the antral follicular development, but has no effect on the secondary follicular development in stressed mice. Treatment with GDF9 restores the secondary follicular development, but has no effect on antral follicular development in stressed mice. Cotreatments with GDF9 and gonadotropin restore both secondary and antral follicular development in stressed mice.
In the present studies, we induced psychosocial stress in mice using chronic unpredictable mild stress, which mimics a series of life events. The chronic unpredictable mild stress model in rodents shows signs of increased activity in the HPA axis, including adrenal hypertrophy and corticosterone hypersecretion [24] . The initial activity of an animal placed in novel surroundings (i.e., open field activity) has long been taken as an indicator of its emotional and psychological state [24] . Emotional animals spend longer time in peripheral squares of the open field, showing anxiety-like activity. Reduced locomotion and exploratory activity represents a loss of interest in new, stimulating situations, implying a deficit in motivation [30] . The open field activity of the mice in our study implies that the mice were in an anxious emotional and psychological state after chronic stress. These data are consistent with our previous study [22] .
Numerous studies on animals and humans have demonstrated that activation of the stress axis is inhibitory to reproductive and ovarian function [1] [2] [3] [4] [5] . Very little research has been done on the effect of chronic stress on different stages of follicular development, although follicles are the basic functional unit of the ovary. Only the study by Dorfman et al. showed that chronic intermittent cold stress decreases the number of secondary and antral follicles, but does not affect the number of atretic follicles in the rat [7] . Our current studies show that chronic unpredictable stress not only inhibits secondary and antral follicular development, but also increases follicular atresia. This difference may be explained by using different animal models. Contrasted with the one single stress used in the study by Dorfman et al. [7] , the chronic unpredictable mild stress model was used in our study.
Little is known about the molecular mechanism involved in the process of chronic stress negatively affecting follicular development. Many previous studies focused on gonadotropin released by anterior pituitary gland [10] [11] [12] . Here, we show that exogenous gonadotropins can not completely restore the repressed follicular development induced by chronic unpredictable stress. It is well known that, during chronic stress, the HPA axis is activated, accompanied by high amounts of CRH and glucocorticoids released. It is likely that these neuroendocrine concomitants are responsible for the current findings, because neuroendocrine concomitants will persist even when gonadotropins are utilized to drive ovarian function. Follicular development is regulated by both gonadotropin from the pituitary gland and local regulators in the ovary. The finding that exogenous gonadotropins can not completely restore the repressed follicular development indicates that local regulators in the ovary may be involved in the process of chronic stress inhibiting follicular development. GDF9 is an important oocyte-specific paracrine regulator required for somatic cell function in vivo [31] . Gdf9 mRNA is synthesized only in the oocyte from the primary one-layer follicle stage until after ovulation [32] .
GDF9-deficient female mice are infertile, and show a block in follicular development beyond the primary one-layer follicle stage, indicating that oocyte-derived GDF9 is essential for further follicle progression [31, 33] . Antiserum against GDF9 can inhibit ovarian follicular activity, and has potential as a contraceptive or sterilizing agent in sheep [34] , while treatment with recombinant GDF9 can increase the number of secondary follicles by 60% in ovaries of immature rats [35] . Our results show that chronic unpredictable stress suppresses the expression of GDF9. Consistent with a previous report [36] , we observe that gonadotropins do not affect GDF9 expression. The treatment with GDF9 restores the number of normal secondary follicles. Cotreatment with GDF9 and gonadotropin restores the number of both secondary and antral follicles. These data indicate that chronic unpredictable stress may disturb follicular development through GDF9 pathway and gonadotropin. The molecular mechanisms by which chronic unpredictable stress can inhibit follicle growth deserve further exploration.
Infertile women are usually more anxious, depressed, and may be hostile [37] [38] [39] . There is substantial initial evidence that the psychological stress may affect the outcome in in vitro fertilization (IVF), although high doses of gonadotropin are used to hyperstimulate ovaries in assisted reproductive techniques [39] [40] [41] [42] [43] . According to these findings, psychological interventions are recommended to reduce depressive symptoms, especially for women with a definitive diagnosis and for those with long-term infertility [41, 44, 45] . It is likely that stress may have an adverse impact on the IVF outcome, in spite of a new meta-analysis by Boivin et al., which contradicts this opinion [46] . The present experiments in mice partly reveal the molecular mechanism underlying the infertility and follicular maldevelopment associated with chronic stress. At the molecular level, our current studies indicate that supplementation with psychotherapy or intraovarian endocrine/paracrine regulators, such as GDF9, may be beneficial when commercial gonadotropin is used to treat follicular maldevelopment. It is important to determine the multiple mechanisms linking stress and reproductive function, because doing so may expand our appreciation of the limitations of current clinical interventions.
